We show that the Stillinger-Weber ͑SW͒ potential is a special case of the modified embedded-atom method ͑MEAM͒ potential, by deriving the appropriate functional forms and parameter values for the MEAM potential. The electron density and pair potential functions have physically plausible forms. The embedding function is quadratic in the electron density and yields an antibonding contribution under all circumstances. Using these results SW silicon can be conveniently extended to silicon-metal systems within one theoretical framework and one computational scheme. The properties of SW silicon and silicon modeled by the native MEAM representation are compared.
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I. INTRODUCTION
Computational modeling of materials at an atomic level is increasingly concerned with large and complex systems, often containing different atomic species. In spite of the current progress of ab initio calculations, classical simulations using semiempirical potentials are still needed when systems of more than a few hundred atoms are studied. Traditionally the development of potentials for metals and semiconductors has taken place separately and in different formats, which is not surprising because of the difference in their bonding nature. Many metals can be well described by potentials that do not take into account angle-dependent terms, whereas for semiconductors this is impossible. Over the last decade the embedded-atom method 1 ͑EAM͒ has been among the most popular modeling schemes for metals, while the Tersoff 2 and especially the Stillinger-Weber 3 ͑SW͒ potentials are the most commonly used for silicon.
The question can be raised, however, whether these potential classes are truly different. Already in 1989 Brenner showed that the Tersoff potential is identical to the EAM potential for a reasonable choice of functions and parameters. 4 However, the angular dependence of the Tersoff potential had to be omitted in this comparison, which limits the scope of the discovered identity considerably. Metals and semiconductors still could not be combined in one computational scheme. Shortly thereafter Baskes developed the full version of the modified embedded-atom method 5 ͑MEAM͒, which adds angular terms having s, p, d, and f symmetries to the EAM. Not only is the MEAM computationally efficient, its framework is also sufficiently flexible to handle simple metals, transition metals with their weak yet significant angular interactions, and semiconductors. Several authors have exploited these possibilities; examples can be found in Refs. 6 -10. In this paper we show that the introduction of the MEAM potential has by no means left the SW potential in an isolated position. Without invoking approximations we show that the SW potential is not different from the MEAM potential, but rather a special case of it. More specifically, we derive the forms of the MEAM functions and the values of the MEAM parameters that cause the MEAM potential to behave exactly like the SW potential. This makes it possible to combine ''Stillinger-Weber silicon'' with metallic elements in atomistic simulations, from which various types of research-for example, that on silicides, Al-Si alloys, and some metallic glasses-will benefit greatly. As mentioned above, silicon also has a ''native'' representation in terms of the MEAM formalism, which allows an integrated study of metal-silicon systems as well. However, there already exists a large body of data on silicon modeled with the SW potential; to be able to extend these to silicon combined with metals would be very useful, even more so because the native MEAM representation of silicon is less extensively tested. Casting the SW potential into the MEAM format also has theoretical implications, since it will become clear how the SW interaction can be interpreted in terms of the MEAM concepts such as local electron density and embedding energy. Moreover, the additional freedom of the MEAM formalism offers logical ways to refine the SW potential within a well-defined theoretical framework. This may be useful, since various shortcomings of the SW potential have been identified; see, e.g., Ref. 11 . Conversely, the parameters of the native MEAM representation may be brought closer to those of the SW version in order to change those properties of silicon that are predicted better by the SW model than by the native model; a comparison of some important silicon properties is given at the end of this paper. Finally, the present results allow users of the MEAM potentials to switch easily to SW silicon or to study more complex systems that are formulated in terms of the SW potential, such as the silicon-oxygen system, where charge transfer should be taken into account. 12 Recently Lenosky et al. have published a quite elaborate MEAM-like potential for silicon. 13 In their work they briefly mention that the SW potential is a special case of their potential model, 14 but they do not pursue the issues addressed here. Carlsson 15 has shown that the SW potential is a special case of the Biswas-Hamman potential.
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II. THEORY
A. Stillinger-Weber potential
The SW potential expresses the energy as a sum of pair and triplet contributions,
h jik ϭe
͑4͒
In these equations r i j is the distance between atoms i and j, and it is implied that r i j and r ik are smaller than a. If not, the corresponding term v 2 (r i j ) or h jik vanishes. The angle jik is the triplet angle subtended at atom i. The quantity sets the length scale and has a fixed value of 2.0951 Å. The values of the seven parameters A,B, p,q,a,,␥ were given by Stillinger and Weber 3 and are listed in Table I .
B. Modified embedded-atom method potential
The MEAM potential expresses the energy as a sum of pair and ͑environment-dependent͒ single-atom contributions, 5, 17 
in which is the pair potential, F the embedding energy function, and i the electron density at the position of atom i. This electron density is a function of the electron densities contributed by the atoms surrounding i. In the original work on MEAM, 5 i was expressed as
in which the parameters t (l) , lϭ1 -3, are weight factors (t (0) ϭ1) and the quantities i (l) are partial electron densities. In later work, 18 i is expressed as
which avoids the possibility of an imaginary i in case of negative t (l) values. The partial electron densities are given by
where the functions
The form of Eq. ͑8͒ differs from the one given in Ref. 5 , because it is more convenient for the present analysis; mathematically, they are equivalent. The functions f (l) , lϭ0 -3, express the partial electron density contributions from the atoms surrounding i,
where r e is the equilibrium nearest-neighbor distance in the perfect crystal and f e and the numbers ␤ (l) , lϭ0Ϫ3, are parameters. In this work we have used a smooth cubic cutoff polynomial between r s ϭ2.945 Å and r c ϭ3.540 Å to limit the electron range. The embedding function is
with A E a parameter, E c the cohesion energy of the equilibrium crystal, and X (r e ) the electron density at the site of an atom in the equilibrium crystal. This form of F shows that in monatomic systems the value of f e is irrelevant, since it cancels out of the density ratio. Here we will use f e ϭ0.1705 for reasons explained below. The pair potential is constructed in such a way that the energy of an atom in the perfect crystal varies with the nearest-neighbor distance R exactly as the universal relation proposed by Rose et al. 20 When only nearest-neighbor interactions are considered, as is the case for silicon, the pair potential then becomes
with Z the coordination number and a parameter given by
͑12͒
where ␣ϭ(9⍀ e B/E c ) 1/2 , with ⍀ e the equilibrium atomic volume and B the bulk modulus. We will refer to Eqs. ͑9͒-͑12͒ as the ''native'' MEAM representation. The 14 parameter values for Si ͑Ref. 17͒ are given in Table I . 
C. Relation between the two potentials
In order to show that the SW energy of Eq. ͑1͒ can be written in the form of Eq. ͑5͒, we start by separating the pair terms ( jϭk) and triplet terms ( j k) of Eq. ͑8͒,
in which the notation j,kʚT i refers to all atom pairs j,k that form unique triplets with atom i. Combining this with Eq. ͑6͒ leads to
where the triplet and pair contributions are given by
When we next take f (l) (r i j ) as
͑17͒
for all l, and we choose the parameters t (l) as
Eq. ͑15͒ becomes
In the triple summation in Eq. ͑1͒ only unique triplets are counted; however, each triplet contributes three energy terms, each of which can be attributed to a different atom of the triplet: h jik to atom i, h i jk to atom j, and h ik j to atom k. Therefore,
Furthermore, evaluation of Eq. ͑16͒, using Eq. ͑18͒ yields
where we have dropped the superscript ͑l͒ from f. With these results we can finally write Eq. ͑1͒ as
͑22͒
This shows that the MEAM potential is identical to the SW potential if the embedding function is taken as
and the pair potential as
The electron densities i at the atomic positions should be calculated according to Eq. ͑6͒, using the parameter values of Eq. ͑18͒, and f (r i j ) should be computed according to Eq. ͑17͒. These are the main results of this paper.
III. DISCUSSION
The two different models of silicon-SW-MEAM and native MEAM-can now be compared in terms of electron density, embedding energy, and pair potential. The native MEAM model was evaluated using Eq. ͑7͒, since for silicon Eq. ͑6͒ yields imaginary electron densities in the calculation of the pair potential at small interatomic separations. Figure 1 shows the electron density functions f (l) (r). The value f e ϭ0.1705 was chosen so that the electron densities of the SW and native models have the same value at the equilibrium Si-Si distance r e , which facilitates comparison. Note that the density is expressed as a dimensionless number. It is seen that above r e the two models behave similarly and the electron densities vanish at about the same distance. At distances smaller than r e the native model displays a fast increasing electron density while the SW model exhibits a slower increase. This difference will be felt by other elements if they are part of the system and should be accommodated by a mixed pair potential different from the native MEAM version. Figure 2 shows the two embedding functions. In the native model the embedding energy in the equilibrium crystal is zero, which means that the cohesion is entirely due to the pair potential. This is somewhat at variance with the physical picture of embedding, which was originally regarded as a bonding mechanism. In the SW model the embedding energy in the equilibrium crystal is even antibonding (ϩ5.02 eV). In fact, it is antibonding for every electron density. This point is not as significant as it seems. It is well known that in the EAM one can arbitrarily reestablish the bonding character of the embedding function by subtracting an appropriate term linear in the electron density. This is because adding a corresponding term to the pair potential leaves the total energy unchanged. 21 Although in the MEAM this is formally not possible, since the electron density no longer has the form of a pair potential, a similar reformulation of F followed by a new parameter fit is nevertheless equally likely to succeed. Perhaps it is best to take the idea of embedding not too literally. This conclusion agrees with van Beurden and Kramer, 22 who argue that i should be interpreted as the effective coordination number of atom i, rather than as the local electron density, and F as a bond order correction function. Mishin et al. 23 practically abandon all physical interpretation and consider the functions as mere fitting functions. Apart from this matter concerning the sign of F the two embedding curves have similar shapes, and have derivatives of comparable magnitudes.
The pair potentials are displayed in Fig. 3 . The oscillation in the native pair potential above rϭ3 Å is the result of the implicit requirement that the universal relation of Rose et al. should be obeyed for a silicon crystal that is expanded without limits. Here this requirement is dropped for large expansions, and the pair potential is smoothly brought to zero between r s ϭ2.945 Å and r c ϭ3.540 Å, in accordance with the electron density functions. When this is done, the two pair potentials look very much the same. The SW pair potential is deeper by a factor Ϸ1.9; this is because it has to compensate for the antibonding contribution of the embedding energy. Interestingly, the two curves have their minimum at very nearly the same value of r (1.94 Å). This is entirely due to the term Ϫ All of this is reassuring. The MEAM representation of the SW potential leads to physically plausible forms of the MEAM functions. This indicates that the MEAM offers a natural framework in which SW silicon can be combined with metallic elements. Nevertheless, the differences between the SW and native MEAM representations themselves are too large to step over lightly. They suggest that the properties of silicon may well be quite different in the two models. Table II , which collects property values calculated with the two potentials and compares them with experimental values ͑and results from quantum calculations͒, shows that this is indeed the case. Both the SW and the native MEAM models have their shortcomings. Going over Table II from top to bottom, from conditions close to the equilibrium crystal to conditions far from equilibrium, one notices that the SW model is particularly poor in predicting the sign of C 12 ϪC 44 ͑the elastic Cauchy discrepancy͒ and the values of the relaxed vacancy formation energy and the dimer and trimer cohesion energies, and that the native MEAM notably fails in predicting the thermal expansion coefficient, the dimer energy, the trimer bond length, and the sputter yield. This is a situation that clearly calls for improvement. It is not the intention of this paper to indicate how the SW and native MEAM parameters should be modified to remove the shortcomings in their predictions; this has to be postponed to a future paper. Rather, with the results in this work we have shown that such modifications can be conveniently carried out in one common theoretical framework.
